Localization of epitopes for plateletassociated (PA) anti-GPIIb-IIIa (␣ IIb ␤ 3 ) autoantibodies in chronic immune thrombocytopenic purpura remains elusive. Previous studies suggest that PA antibodies recognize the tertiary structure of intact glycoprotein (GP) IIb-IIIa. To localize their epitopes using antigen-capture enzymelinked immunosorbent assay (ELISA), the reactivity of 34 PA anti-GPIIb-IIIa antibodies was examined with recombinant GPIIbIIIa having a defect in ligand-binding sites in either GPIIb or GPIIIa, and no major conformational change was induced: KO variant GPIIb-IIIa was attributed to a 2-amino acid insertion between residues 160 and 161 in the W3 4-1 loop in GPIIb, and CAM variant GPIIb-IIIa was attributed to D119Y in GPIIIa. In one third (11 of 34) of the patients, PA antibodies showed a marked decrease (less than 50%) in reactivity with KO compared with wild-type GPIIb-IIIa. Their reactivity was also impaired against GPIIbD163A-IIIa. In sharp contrast, they reacted normally with CAM GPIIb-IIIa. OP-G2, a ligand-mimetic monoclonal antibody, markedly inhibited their binding to GPIIb-IIIa in patients with im- 
Introduction
Chronic immune thrombocytopenic purpura (ITP) is an autoimmune disorder characterized by the early destruction of platelets from antiplatelet autoantibodies. [1] [2] [3] Autoantibodies from most patients with ITP are mainly directed to the platelet membrane glycoprotein (GP) IIb-IIIa (integrin ␣ IIb ␤ 3 ) or GPIb-IX. 4, 5 It has been demonstrated that platelet-associated (PA) autoantibodies, rather than serum antibodies, play a key role in platelet destruction. 6, 7 Although a few studies demonstrate the localization of autoantigens on GPIIb or GPIIIa for serum antibodies, [8] [9] [10] [11] characterization of the antigenic epitope(s) for PA autoantibodies remains elusive. [12] [13] [14] Dissociation of the GPIIb-IIIa complex into free GPIIb and GPIIIa by EDTA treatment markedly impaired the reactivity of PA anti-GPIIb-IIIa autoantibodies, suggesting that most PA autoantibodies recognize cation-dependent conformation(s) of GPIIbIIIa. 15, 16 Characterization by using large recombinant GPIIIa peptides failed to localize the autoantigenic epitopes on GPIIb-IIIa, 17 and our recent study indicated that PA anti-GPIIb-IIIa (␣ IIb ␤ 3 ) autoantibodies do not react with ␣ V ␤ 3 . 18 These findings suggest that PA autoantibodies are highly GPIIb-IIIa specific and that they recognize the tertiary structure of intact GPIIb-IIIa. In other words, it is likely that most autoantigenic epitopes are localized in either the GPIIb-IIIa complex or the cation-dependent conformations on GPIIb or GPIIIa.
The GPIIb-IIIa complex (␣ IIb ␤ 3 ), a noncovalently associated, divalent cation-dependent heterodimer, is a prototypic integrin and plays a crucial role in normal hemostasis and platelet aggregation as a physiologic receptor for fibrinogen and von Willebrand factor. 19, 20 The interaction of these ligands with GPIIb-IIIa is mediated at least in part by an RGD sequence. Glanzmann thrombasthenia (GT) is a rare autosomal recessive bleeding disorder characterized by a quantitative or qualitative abnormality in GPIIb-IIIa (␣ IIb ␤ 3 ). 21 Specificity of autoantibodies against GPIIb-IIIa was initially reported by the impaired reactivity of PA autoantibodies with GT platelets lacking GPIIb-IIIa. 22 Characterization of molecular defects in GT from dysfunctional GPIIb-IIIa (variant GT) is informative in defining functionally important site(s) in GPIIb-IIIa, and multiple ligand-binding sites have been identified in both GPIIb and GPIIIa. [23] [24] [25] Loftus et al 24 first demonstrated D119 in GPIIIa as one of the critical residues for ligand binding by the characterization of a variant GT, CAM. Recently, we demonstrated that 2-amino acid insertion (R-T) between amino acid residues 160 and 161 in GPIIb is responsible for a ligand-binding defect in a variant GT, KO, and we identified D163 in GPIIb as one of the ligand-binding sites. 25 Both KO and CAM variant GPIIb-IIIa showed markedly impaired ligand binding without disturbing its surface expression or inducing major structural change in the receptor.
In the present study, to further characterize PA autoantibodies, 
Patients, materials, and methods

Patients
We studied 101 patients with chronic ITP (19 men, 82 women). Diagnoses of chronic ITP were made according to practice guidelines. 26 Informed consent was obtained from all patients. Using modified antigen-capture ELISA with platelet GPIIb-IIIa, we detected anti-GPIIb-IIIa (anti-␣ IIb ␤ 3 ) autoantibodies in 41 of 101 (41%) platelet eluate samples. 18 Among them, 34 eluates containing anti-GPIIb-IIIa antibodies were available and were further characterized in this study (Table 1) . Given the limited sensitivity of our assay, it is likely that the remaining 60 patients without detectable anti-GPIIb-IIIa antibodies had autoantibodies directed against antigens other than GPIIb-IIIa, leading to thrombocytopenia.
Antibodies
OP-G2, a murine mAb specific for the GPIIb-IIIa complex, is an activationindependent, ligand-mimetic antibody to GPIIb-IIIa. 27 by affinity chromatography on Protein A-Sepharose CL-4B (Pharmacia, Piscataway, NJ) and biotinylation of the mAbs with NHS-LC Biotin (Pierce Chemical, Rockford, IL) were performed as previously described. 34 Anti-HPA-1a (Pl A1 ) alloantibody was purchased from Olympus (Tokyo, Japan), and anti-HPA-3a (Bak a ) alloantibody was a generous gift from Dr Nobuo Nagao (Osaka Red Cross Blood Center, Japan).
Synthetic ligands
RGDW peptide and 2 peptidomimetic antagonists specific for GPIIb-IIIa (FK633 and Ro44-9883) were generously provided by Dr Jiro Seki (Fujisawa Pharmaceutical, Osaka, Japan). 35 Cyclo RGDfV peptide specific for ␣ v ␤ 3 was a generous gift from Merck KGaA (Darmstadt, Germany). 36 Platelet isolation and preparation of platelet-associated or serum antibody eluates Platelets were obtained from blood anticoagulated with Na 2 -EDTA by differential centrifugation as previously described. 34 PA antibodies were eluted from 200 L washed platelet suspensions at a concentration of 2 ϫ 10 5 /L by adding 200 L diethyl ether as previously described. 34 Serum auto-or allo-antibodies (1 mL) were incubated with 2 ϫ 10 9 platelets for 2 hours at room temperature followed by 6 washes with citrate buffer, and then bound antibodies were eluted from 2 ϫ 10 5 platelets/L by diethyl ether. A number of control eluates were prepared from platelets from healthy control subjects. Eluates were kept at Ϫ80°C until use.
Construction of expression vectors
Wild-type GPIIb and GPIIIa cDNAs cloned into mammalian expression vector pcDNA3 (Invitrogen, San Diego, CA) were generously provided by Dr Peter Newman (Milwaukee, MI) and Dr Gilbert White (University of North Carolina, Chapel Hill), respectively. Expression vectors containing mutant cDNA were generated by polymerase chain reaction-based cartridge mutagenesis or overlap extension polymerase chain reaction. 25 Nucleotide sequences of the fragments inserted were confirmed by sequence analysis. Mutant cDNAs used in this study were as follows: 2-amino acid insertion (R-T) between residues 160 and 161 in GPIIb (KO variant), 25 D1633A substitution in GPIIb (GPIIbD163A), 25 D1193Y substitution in GPIIIa (GPIIIaD119Y, CAM variant), 24 and an activated mutant (T5623N substitution in GPIIIa [GPIIIaT562N]). 37 
Cell transfection
GPIIb and GPIIIa constructs were cotransfected into 293 cells by the calcium phosphate method as previously described. 38 The 293 cells transiently expressing mutant GPIIb-IIIa were obtained and analyzed 2 days after transfection. In addition, stable transfectants expressing wildtype (WT) or KO-variant GPIIb-IIIa were selected for G418 resistance and cultured in Dulbecco modified Eagle medium with 10% heat-inactivated fetal calf serum (Life Technologies, Gaithersburg, MD).
Flow cytometry
Transfected cells were detached from dishes with 0.02% EDTA and analyzed by flow cytometry. 25 Detached cells were washed twice with phosphate-buffered saline and resusupended in Tris-buffered saline containing 2 mM CaCl 2 (TBS-CaCl 2 , pH 7.4). Cells (2000/L) were incubated with each mAb examined at a final concentration of 10 g/mL for 30 minutes on ice, washed twice with TBS-CaCl 2 , and incubated with fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse immunoglobulin (all mAbs except PAC-1: Becton Dickinson, Mountain View, CA) for an additional 30 minutes. PAC-1 binding to cells was assessed in the presence of PT25-2, an activating mAb. 37 Cells were incubated with 10 g/mL PT25-2 and a 1:250 dilution of PAC-1 ascites for 30 minutes on ice, washed twice, and incubated with FITC-conjugated goat anti-mouse IgM (-chain specific; Caltag Laboratories, Burlingame, CA) for an additional 30 minutes. Samples were analyzed using a flow cytometer (FACScan; Becton Dickinson).
Antigen-capture ELISA
Antigen-capture ELISA was performed as previously described with slight modification. 16 Briefly, 10 ϫ 10 3 /L washed platelets or 1 ϫ 10 3 /L detached 293 cells expressing wild-type or mutant GPIIb-IIIa were solubilized into 50 mM TBS containing 2 mM CaCl 2 , 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, and 100 g/mL leupeptin (Sigma). After insoluble material was removed by centrifugation at 10 000g for 10 minutes, 100 L lysate was applied to the wells of a microtiter tray, each containing 0.25 g fixed mAb against GPIIb-IIIa (AP2 or TP80). After incubation, the tray was washed with 50 mM TBS containing 2 mM CaCl 2 , 0.05% Tween 20, and 0.1% bovine serum albumin (washing buffer). Wells were then incubated with 20 L eluate for 1 hour at room temperature. After washing, bound IgG was detected with ELISA using biotinylated mouse anti-human IgG (Jackson Immunoresearch Laboratories, West Grove, PA) and avidin-biotin-alkaline phosphatase complex (ABC; Vector, Burlingame, CA). Enzyme-substrate reaction was performed with the ELISA amplification system (Life Technologies) according to the manufacturer's instructions. In each assay, samples were run in duplicate, and 5 control samples (randomly selected from 20 control samples) were examined in the same microtiter tray. Results were expressed as ⌬OD [optical density (OD) value obtained from a test sample Ϫ (mean ϩ 3 SD) OD value obtained from 5 control samples]. ⌬OD above zero was considered positive. We confirmed that there was a linear relation between ⌬OD values and anti-GPIIb-IIIa antibody amounts in this assay (data not shown). When we used recombinant GPIIb-IIIa from transient transfectants, we first quantified the amounts of GPIIb-IIIa in the cell lysates by antigen-capture ELISA using biotinylated AP3 and then adjusted them to the same amounts of wild-type GPIIb-IIIa in the stable transfectant lysate.
Fibrinogen-binding assay
Inhibitory effects of anti-GPIIb-IIIa autoantibodies on fibrinogen binding to GPIIb-IIIa were measured with sensitive ELISA using biotinylated fibrinogen (Calbiochem-Novabiochem, La Jolla, CA) and an activated mutant GPIIb-IIIa (GPIIIaT562N). GPIIb-IIIaT562N is a constitutively active form of GPIIb-IIIa and binds fibrinogen without any activating agent. 37 Clottability of the biotinylated fibrinogen was more than 95%. 39 Five times 10 3 L 293 cells expressing GPIIb-GPIIIaT562N were solubilized into 50 mM TBS containing 1% Triton X-100 and protease inhibitors, and 100 L lysate was applied to the wells of a microtiter tray containing 0.25 g fixed TP80. After 1-hour incubation, the wells were washed and incubated with 100 L diluted eluates or mAbs for 30 minutes at room temperature. Biotinylated fibrinogen was then added to each well (final concentration, 150 ng/mL) and incubated for 1 hour at room temperature. After washing, bound fibrinogen was detected with ABC and the ELISA amplification system (Life Technologies). Data are expressed as percentage fibrinogen binding calculated according to the following formula: 
Results
Reactivity of PA autoantibodies with mutant GPIIb-IIIa lacking ligand-binding function
In this study, we characterized the epitopes for 34 platelet eluates containing anti-GPIIb-IIIa autoantibodies. In our previous study, we examined 13 eluates (numbers 1-3, 7, 8, 14, 18, 24-27, 29 , and 31) and demonstrated that EDTA treatment of GPIIb-IIIa at 37°C markedly reduced the reactivity of these eluates. 16 All eluates except number 16 failed to react with ␣ v ␤ 3 (data not shown). 18 These data strongly suggest that the epitopes are conformational and depend on an intact GPIIb-IIIa complex. To further localize them, we used several recombinant GPIIb-IIIa mutants (Figure 1 ). KO and CAM GPIIb-IIIa are wellcharacterized, naturally occurring mutations originally found in patients with variant GT. 24, 25 GPIIb-IIIa-specific mAbs AP2 and PT25-2 (not shown), GPIIIa-specific mAb AP3, and GPIIb-specific mAb TP80 reacted equivalently with KO, CAM, and wild-type GPIIb-IIIa expressed on 293 cells. However, neither the activation-independent ligand-mimetic mAb OP-G2 nor the activation-dependent ligandmimetic mAb PAC-1 in the presence of the activating mAb PT25-2 reacted with these mutant GPIIb-IIIa variants. Taken together with their molecular characterization, these data show that KO and CAM have a ligand-binding defect resulting from the 2-amino acid (R-T) insertion between 160-161 amino acid residues in GPIIb and the D119Y mutation in GPIIIa, respectively, without any major structural changes in the receptor. 24, 25 In addition, Figure 1 shows that GPIIbD163A induces a similar defect in GPIIb-IIIa to the KO variant.
We used AP2 for antigen capture in ELISA because AP2 can equally bind to KO variant and WT GPIIb-IIIa obtained from stable transfectants (Figure 1) . In preliminary studies, ⌬OD values in antigen-capture ELISA using KO variant GPIIb-IIIa for anti-GPIIb (anti-HPA-3a) or anti-GPIIIa (anti-HPA-1a or biotinylated AP3) antibodies were almost the same as those using WT GPIIb-IIIa, whereas ⌬OD for biotinylated OP-G2 was completely negative in antigen-capture ELISA using KO GPIIb-IIIa (Figure 2A ). This antigen-capture ELISA showed good reproducibility even in different occasions-eg, ⌬OD ratio [(⌬OD in antigen-capture ELISA using KO GPIIb-IIIa/⌬OD in antigen-capture ELISA using WT GPIIb-IIIa) ϫ 100] for AP3, anti-HPA-1a, anti-HPA-3a, and OP-G2 were 97.9% Ϯ 6.1% (n ϭ 9), 95.1% Ϯ 11.3% (n ϭ 3), 95.8% Ϯ 15.4% (n ϭ 3), and 0.1% Ϯ 2.6% (n ϭ 9), respectively. We then examined the reactivity of PA autoantibodies in 34 ITP patients with KO and WT GPIIb-IIIa ( Figure 2B , Table 1 ). Interestingly, 11 (32%) eluates showed marked (more than 50%) decrease in reactivity against the KO variant compared with WT GPIIb-IIIa. When TP80 or AP3 was used as an antigen-capturing mAb, essentially the same data were obtained (data not shown). These data ruled out the possibility that the capturing mAb might inhibit the binding of autoantibodies. We also examined the reactivity of eluates with GPIIbD163A-IIIa. Because AP2 showed less reactivity against GPIIbD163A-IIIa than other anti-GPIIb-IIIa mAbs (Figure 1) , we used TP80 for antigen capture. As shown in Figure 3 , eluates from patients 1, 3, and 8 also showed marked decreases in ⌬OD in antigen-capture ELISA using GPIIbD163A-IIIa.
We next examined the reactivity of anti-GPIIb-IIIa autoantibodies with CAM variant GPIIb-IIIa, the loss-of-function mutation in GPIIIa. In these experiments, the amount of CAM variant GPIIbIIIa obtained from transient transfectants was adjusted to that of wild-type GPIIb-IIIa from stable transfectants by monitoring AP3 WT, wild-type GPIIb-IIIa; KO, GPIIbIIIa having 2 amino acid insertion between 160-161 of GPIIb; CAM, GPIIb-IIIa having D1193Y in GPIIIa; D163A, GPIIb-IIIa having D1633A in GPIIb; and T562N, GPIIb-IIIa having T5623N in GPIIIa. Cells were incubated with 10 g/mL following mAbs: AP2, specific for GPIIb-IIIa complex; AP3, specific for GPIIIa; TP80, specific for GPIIb; OP-G2, activation-independent ligand-mimetic mAb to GPIIb-IIIa. Bound antibodies were detected by FITC-labeled goat anti-mouse immunoglobulin. The binding of PAC-1 (activation-dependent ligand mimetic mAb to GPIIb-IIIa) was examined in the presence of 10 g/mL PT25-2 and detected by FITC-labeled goat anti-mouse IgM. MOPC21 (mouse myeloma IgG1) was used as a control antibody.
binding. ⌬OD values in antigen-capture ELISA using CAM GPIIb-IIIa showed essentially the same results as KO GPIIb-IIIa for AP3, anti-HPA-1a, anti-HPA-3a, and OP-G2 ( Figure 4A )-⌬OD ratios for AP3, anti-HPA-1a, anti-HPA-3a, and OP-G2 were 94.9% Ϯ 3.8% (n ϭ 5), 101.0% Ϯ 13.9% (n ϭ 3), 99.5% Ϯ 11.9% (n ϭ 3), and Ϫ0.6 Ϯ 3.4% (n ϭ 5), respectively. In sharp contrast to KO GPIIb-IIIa, none of the patients' eluates showed a decrease in reactivity with CAM GPIIb-IIIa (Table 1, Figure 4B ). These findings indicate that PAIgG autoantibodies mainly recognize epitopes disturbed by KO mutant and D163A in GPIIb, but not by CAM mutant in GPIIIa in one third of ITP patients with anti-GPIIbIIIa autoantibodies.
We also examined whether there might be any difference in platelet counts between the 11 patients with impaired binding to KO GPIIb-IIIa and the other 23 patients. However, any significant difference in platelet counts was not observed (40.9 Ϯ 27.5 ϫ 10 3 / L vs 48.8 Ϯ 22.8 ϫ 10 3 /L; P Ͼ .05, Mann-Whitney U test).
Effects of GPIIb-IIIa antagonists or OP-G2 on the binding of PA autoantibodies to GPIIb-IIIa
To further characterize the location of autoantigenic epitopes on GPIIb-IIIa, we examined the effects of small GPIIb-IIIa antagonists or OP-G2 on the binding of autoantibodies to platelet GPIIb-IIIa. As shown in Figure 5A , 1 mM RGDW, 10 M FK506, 10 M Ro44-5883, or 10 g/mL OP-G2 completely inhibited the binding of biotinylated OP-G2 to GPIIb-IIIa. None of these small antagonists inhibited the binding of PA autoantibodies, whereas OP-G2 did markedly inhibit their binding in patients with impaired binding to KO GPIIb-IIIa ( Figure 5B ). These results indicate that the epitopes for PAIgG autoantibodies are not localized at the ligand-binding site itself but close to it.
Reactivity of serum autoantibodies against KO mutant
We then examined the reactivity of serum antibodies in ITP patients whose PA autoantibodies showed marked reduction in the reactivity against KO GPIIb-IIIa. Antigen-capture ELISA is not sensitive enough to detect serum autoantibodies against GPIIb-IIIa because of high background 4, 40 ; therefore, serum samples from only 2 patients (patients 3 and 8) were available for this analysis. Serum antibodies were affinity purified with platelets and eluted by diethyl ether. In contrast to the PA antibodies, serum antibodies equally reacted with KO variant and WT GPIIb-IIIa, and OP-G2 did not inhibit their binding to GPIIb-IIIa (Figure 6 ). These results confirm previous findings that the GPIIb-IIIa autoantigenic target for serum antibodies may be different from that for PA autoantibodies. 16, 41 Inhibitory effect of PA autoantibodies against fibrinogen binding
We examined whether PA autoantibodies might inhibit ligand binding. Because eluates contain only small amounts of antibodies, conventional fibrinogen binding assay using washed platelets is not suitable for this purpose. To overcome this problem, we developed sensitive ELISA using mutant GPIIb-IIIa (GPIIb-IIIaT562N), a constitutively activated form of the receptor that can bind to its ligand without any activating agent (Figure 1 ). TP80 was used as a capturing mAb because it did not inhibit fibrinogen binding to GPIIb-IIIaT562N (data not shown). Figure 7A shows inhibitory effects of mAbs on fibrinogen binding to GPIIb-IIIaT562N in this ELISA. OP-G2 at a concentration of 125 ng/mL completely inhibited fibrinogen-binding, and IC 50 of OP-G2 was approximately 3.4 ng/mL. AP2 inhibited approximately 55% of the fibrinogen binding at a saturating concentration, which is compatible with the data reported previously. 31 IC 50 values for FK633 and Ro44-9883 were 0.36 nM and 0.06 nM, respectively, whereas cyclo RGDfV specific for ␣ v ␤ 3 even at 20 nM did not inhibit the fibrinogen binding (data not shown). Compared with IC 50 obtained by conventional methods (39.3 nM for FK633, 4.4 nM for Ro44-988335), 35 our ELISA is approximately 100 times more sensitive. Using this system, we examined the effects of eluates on fibrinogen binding. PA autoantibodies from patients 1, 2, 7, and 8 equally bound to GPIIb-IIIaT562N and WT GPIIb-IIIa (data not shown). As shown in Figure 7B , all eluates examined inhibited fibrinogen binding to GPIIb-IIIa dose dependently. Although ⌬OD values in antigen-capture ELISA using WT for the tested eluates were similar (0.900-1.100), PA autoantibodies showing the impaired binding to KO GPIIb-IIIa more strongly inhibited fibrinogen binding than those showing the same reactivity with KO and WT GPIIb-IIIa. Effects of 10 g/mL nonlabeled OP-G2 on the binding of the serum autoantibodies to WT GPIIb-IIIa. Serum antibodies from patients 3 and 8, whose PA autoantibodies showed the impaired binding to KO variant GPIIb-IIIa, were affinity purified using platelets. Open columns represent ⌬OD value in antigen-capture ELISA using WT GPIIb-IIIa. Solid columns represent ⌬OD value in antigen-capture ELISA using KO variant GPIIb-IIIa. Hatched columns are ⌬OD value in antigencapture ELISA using WT GPIIb-IIIa in the presence of 10 g/mL nonlabeled OP-G2. 
Discussion
In this study, we have demonstrated that in one third of patients with chronic ITP who had PA anti-GPIIb-IIIa autoantibodies (11 of 34 patients), the reactivity of autoantibodies with KO variant GPIIb-IIIa was markedly impaired (less than 50%). OP-G2, but not small GPIIb-IIIa antagonists, markedly inhibited their binding to GPIIb-IIIa only in patients with impaired binding to KO GPIIbIIIa, and the degree of the inhibition by OP-G2 was almost the same as that observed in KO GPIIb-IIIa. In addition, we developed a new sensitive ELISA to examine fibrinogen binding to the activated GPIIb-IIIa and demonstrated that autoantibodies showing the impaired binding to KO GPIIb-IIIa are more potent inhibitors of fibrinogen binding. In sharp contrast, none of autoantibodies showed impaired binding to CAM variant GPIIb-IIIa. Our findings strongly suggest that their major epitopes locate close to the ligand-binding site in GPIIb, but not in GPIIIa, in one third of patients with chronic ITP.
Localization of epitopes for PA anti-GPIIb-IIIa autoantibodies in chronic ITP remains obscure. Varon and Karpatkin 12 first demonstrated impaired reactivity of anti-GPIIb mAb (3B2) with ITP platelets, probably because of the presence of PA autoantibodies, which suggested that the autoantigens may locate close to the 3B2-binding site. Recent studies suggested that ITP autoantibodies mostly recognize the tertiary structure of intact GPIIb-IIIa, [15] [16] [17] [18] and flexibility of its conformation make it difficult to further localize autoantigens. To overcome these difficulties, we used recombinant GPIIb-IIIa with a mutation in the ligand-binding site in either GPIIb or GPIIIa without any major conformational change. With regard to ligand-binding sites, multiple sites have been identified in N-terminal regions of both ␣ (GPIIb) and ␤ (GPIIIa) subunits. 42 In several integrin ␣ subunits such as ␣ 2 and ␣ L , an inserted domain critically involved in ligand binding is present in the N-terminal region. 43, 44 Although ␣ IIb does not have the I domain, ␤ 3 has an I-like domain that contains an invariant DXSXS sequence (X represents any amino acid). 45, 46 Molecular analysis of CAM variant GT first revealed the importance of D119, which is the first residue of the DXSXS sequence, and this region of ␤ 3 appears to be directly involved in ligand binding. 24 With regard to non-I domain integrin ␣ subunits including ␣ IIb (GPIIb), Springer 47, 48 recently proposed that the 7 N-terminal sequence repeats (W1-W7) are folded into a ␤-propeller domain in which W3 4-1 loop and W3 2-3 loop are probably involved in ligand binding. 47, 48 Molecular analysis of KO variant GT first revealed the importance of D163 within the loop between W2 and W3 (W3 4-1 loop). 25 These data support the concept that both GPIIb and GPIIIa constitute a ligand-binding pocket. Indeed, the binding of ligandmimetic antibodies, OP-G2 and PAC-1, was completely abolished in KO and CAM GPIIb-IIIa. 24, 25, 49 In contrast, Puzon-McLaughlin et al 49 recently demonstrated that several nonligand-mimetic antibodies recognized a single epitope in either subunit, even if they recognized the tertiary structure of intact GPIIb-IIIa. The binding of a number of PA autoantibodies was only impaired to KO GPIIb-IIIa, but not to CAM GPIIb-IIIa. OP-G2 inhibited the binding of the PA autoantibodies, whereas small GPIIb-IIIa antagonists did not. Thus, these autoantigens were not localized at the ligand-binding site but were localized close to it in GPIIb-that is, the W3 4-1 loop and its surrounding regions in GPIIb may directly or indirectly participate in the formation of autoantigens. Although platelet eluates were not affinity purified for GPIIb-IIIa in this study, it is unlikely that contaminated autoantibodies directed against antigens other than GPIIb-IIIa interfered with the binding of anti-GPIIbIIIa autoantibodies because we used GPIIb-IIIa purified by the immobilized anti-GPIIb-IIIa mAb and because only the binding to KO GPIIb-IIIa was impaired in our assay. KO and CAM GPIIb-IIIa similarly showed aberrant expression of some ligand-induced binding sites (LIBS), such as the PMI-1 epitope, probably because of a disturbance of divalent cation-binding to GPIIb-IIIa by these mutations. 24, 25 However, it is unlikely that PA autoantibodies recognized the epitopes, which are located far from ligand-binding sites and are disturbed by the divalent cation-binding defect, because their binding was inhibited by OP-G2 and only impaired to KO GPIIb-IIIa. Recently, using ␣ IIb -␣ V ␤ 3 chimeras, McMillan et al 50 suggested that 8 of 14 PA anti-GPIIb-IIIa autoantibodies bound to epitopes existing between F223 and Q459 in GPIIb, which correspond to W4-W7 in the ␤-propeller model. Because W3 and W4-W7 repeats locate close to each other in the predicted tertiary structure of the ␤-propeller, it would be possible that the swapping of ␣ IIb for ␣ V might affect the conformation of W3 4-1 loop and its surrounding regions. Alternatively, they defined epitopes different from ours. Further studies are needed to resolve this apparent discrepancy.
Our sensitive ELISA showed that PA autoantibodies inhibited the fibrinogen binding irrespective of epitope location, though autoantibodies showing impaired binding to KO GPIIb-IIIa were more potent inhibitors for fibrinogen binding. Our data suggest that PA anti-GPIIb-IIIa autoantibodies mostly recognize epitopes localized in N-terminal regions of intact GPIIb-IIIa even in the remaining two thirds of patients with chronic ITP whose PA autoantibodies equally react with KO and WT GPIIb-IIIa. Using platelet aggregation studies, platelet functional defects such as aspirinlike or storage pool disease-like defects have been reported in some patients with chronic ITP. 51, 52 On the other hand, GT-like functional defects caused by anti-GPIIb-IIIa autoantibodies without thrombocytopenia have been reported in some patients with bleeding tendency. [53] [54] [55] [56] [57] [58] Although analysis of platelet function in chronic ITP has been limited by concomitant thrombocytopenia, our sensitive ELISA suggested that in most patients, PA anti-GPIIbIIIa autoantibodies have the potential to inhibit fibrinogen binding and may contribute to functional defects in this disorder. In addition, it has recently been suggested that antibodies directed against conformational epitopes on GPIIb-IIIa are more pathogenic than other platelet antibodies and act through an Fc-dependent mechanism in an animal model. 59 Because most PA anti-GPIIb-IIIa antibodies examined in this study were directed against conformational epitopes, it is possible that these antibodies may be potent in platelet destruction through an Fc-dependent mechanism. On the other hand, epitopes for serum anti-GPIIb-IIIa autoantibodies have not been localized in the N-terminal region of GPIIb-IIIa (the cytoplasmic domain of GPIIIa, a 50-kd chymotryptic fragment of GPIIIa containing the cysteine-rich repeat, and a C-terminal 65-kd chymotryptic fragment of GPIIb heavy chain). [9] [10] [11] Previous studies suggested that PA anti-GPIIb-IIIa autoantibodies may differ in specificity from serum antibodies even in the same patient. 16, 41 We clearly demonstrated that affinity-purified serum antibodies from patients whose PA antibodies showed the impaired binding to KO GPIIb-IIIa equally reacted with KO and WT GPIIb-IIIa. Our findings further confirm the difference in the specificity between PA and serum antibodies.
In this study, we have revealed important aspects of autoantigenic epitopes in GPIIb-IIIa in chronic ITP. In one third of patients with chronic ITP, PA anti-GPIIb-IIIa autoantibodies mostly recognize epitope(s) disturbed by the single amino acid substitution (D163A) and the 2-amino acid insertion in the W3 4-1 loop in GPIIb. Thus, the W3 4-1 loop and its surrounding regions in GPIIb may be one of the hot spots for autoantigenic epitopes. Our data also provide a new aspect regarding the effect of PA anti-GPIIbIIIa autoantibodies on platelet function in chronic ITP. Further analysis of autoantigenic epitopes would provide new insight into the pathophysiology and the treatment of this disorder.
